Synthesis, thermodynamic characterization, and energetic properties of three novel high-nitrogen bishomocubane-based compounds DADMBHC, DTetzBHC and DPTrizDMBHC are reported here. These compounds have higher heats of formation (HoFs) and higher energy densities as compared to traditional hydrocarbon fuels. Densities, gas phase HoF and their optimized molecular structure geometries were calculated with various levels of theory. In general, the calculated HoFs of these compounds turn out to be extremely high. Ballistic properties such as vacuum specific impulse and density vacuum specific impulse were calculated using the NASA Chemical Equilibrium and Applications utility. Propulsive properties were compared with liquid bipropellants (RP1) and solid propellants (AP) and explosive properties were compared with RDX. The density specific impulse demonstrated an improvement of 35 s for DADMBHC and DTetzBHC over standard liquid hydrocarbon HTPB, thus
Introduction
High energy density materials (HEDMs) are common ingredients in various volume-limited applications demanding high performance parameters, such as rockets, gas generators, and explosives. Attractive properties of an ideal HEDM are high gravimetric and volumetric energy density, high positive HoF, high density, as well as low operational hazards such as low toxicity, high thermal stability, and low impact sensitivity. 1 Cage hydrocarbons can potentially be good HEDMs on account of their severely strained molecular structures. Eaton et al. 2 synthesized cubane, a polycyclic cage hydrocarbon and studied its performance. Numerous studies have shown that cubane is energetically superior to conventional hydrocarbons. 3, 4 Since cubane is a solid under standard conditions, it can be used in solid propellant formulations as a possible energetic binder 1 by conversion to polymeric forms. It can also be used as an additive to fuels in liquid propulsion systems and in internal combustion engines. 5 But for this to happen, formulation of stable binary mixtures of cubane with existing liquid propellants is necessary. This has prompted the propellant synthesis community to develop similar propellants by altering the basic cage structure of cubane and by adding energetic functional groups. [6] [7] [8] [9] [10] A thorough review of the synthesis of such compounds [10] [11] [12] [13] [14] [15] [16] [17] [18] can be found in our previous work. 19, 20 Such efforts are primarily aimed at synthesizing liquid propellants with high energy densities, which can be utilized directly or as additives to existing liquid propellants. Marchand 15 has compiled a comprehensive review of the synthesis procedures of various homocubanes, bishomocubanes, and trishomocubanes. Polycyclic cage hydrocarbons have also been reviewed extensively. 16, 17, 21 Synthesis of these compounds is typically carried out only at milligram scales due the complexities involved in synthesis procedures. This constrains the experimental investigation of their combustion characteristics to measuring burn rates of propellant droplets individually, 22 or as additives to existing liquid fuels, such as n-nonane, kerosene, and JP-10. The distinct energetic advantage in using the cage hydrocarbon is evident in a study by Roy, 23 which focuses on analysing mixtures of methylcubane and a conventional hydrocarbon (n-nonane). The cage hydrocarbon burns twice as fast as a conventional hydrocarbon. Because of the limited synthesis yield, experimental studies on these HEDMs have to be restricted to pyrolysis, thermogravimetric analysis, etc. 24, 25 In our previous study, 19 the thermal decomposition of newly synthesized bis(nitratomethyl)-1,3-bishomocubane (DNMBHC) was analysed using a fast pyrolyzer coupled with rapid scan FTIR spectroscopy at a heating rate of 100 C s À1 . The evolved gas analysis showed that the primary decomposition takes place resulting in the formation of CO 2 , N 2 O, NO 2 , CO, and H 2 O. The formulation of a detailed chemical reaction mechanism for DNMBHC using ab initio methods is currently underway. Computational analysis at the DFT/ab initio level carried out on newly synthesized and characterized nitrosubstituted bishomocubanes, viz. nitromethyl-1,3-bishomocubane (NMBHC), nitromethylene-1,3-bishomocubane (NMyBHC) and bis-nitromethyl-1,3-bishomocubane (DNTMBHC), showed that they possess high positive HoFs and high density specic impulses and therefore are superior to hydrocarbon fuels such as RP1 with regard to their propulsive performance. They could prove to be useful in spite of being costlier than RP1. 18 Previous analyses have revealed that RP1 consists of 24 major constituents ranging from 11 carbon uids such as 2,6-dimethylnonane to 15 carbon uids such as 2-methyltridecane. Other than cage hydrocarbons, high-nitrogen materials have also received considerable attention as potential HEDMs. They produce large amounts of molecular nitrogen on decomposition and have high positive heats of formation. 26 Their adiabatic ame temperatures are oen lower compared to conventional propellants, and they have the potential to form less smoke or soot. In addition, some of the high-nitrogen materials are remarkably stable towards friction, heat and impact, and hence are easy to store and transport. 26 These properties of highnitrogen materials make them suitable for numerous applications such as in airbags and gun propellants. Tetrazoles 27-31 and triazoles [32] [33] [34] [35] are classes of high-nitrogen materials that have received a considerable attention in the literature with regard to their behavior as energetic materials. They have been extensively studied computationally as well as experimentally to investigate their energetic characteristics and chemical kinetics.
The current work entails a systematic investigation of the thermodynamic and thermal characteristics of three newly synthesized high nitrogen-BHC-based compounds, i.e., diazido-dimethyl-bishomocubane (DADMBHC), ditetrazolobishomocubane (DTetzBHC), and diphenyltriazolo-dimethylbishomocubane (DPTrizDMBHC). Ab initio methods were utilized to optimize the geometry and determine the thermodynamic characteristics while thermogravimetry combined with Fourier transform infrared (FTIR) spectroscopy was employed to elucidate the thermal behaviour of these compounds and to identify their thermal decomposition pathways. The detonation characteristics such as detonation pressure and detonation velocity as well as the propulsive performance parameters such as specic impulse and density specic impulse were calculated using semi-empirical methods and equilibrium thermodynamics, respectively. Chemical reactions initiating the decomposition were also postulated using ab initio methods.
Computational approach
To investigate the thermodynamic properties and decomposition pathways of the three high-nitrogen bishomocubanes DADMBHC (2), DPTrizDMBHC (3), and DTetzBHC (5) (Scheme 1, vide infra) which are the subject of this work; quantum mechanics based calculations were carried out using the Gaussian 09 suite of programs. 36 Optimization of the molecular structures of these compounds and their estimated decomposition products was rst carried out by using the B3LYP/6-31G(d) level of theory. 37, 38 The optimized structures served as an initial guess for the B3LYP/6-311G(d,p) level of theory which employs a triple split valence basis set with additional polarized functions. 39 Since molecules of the compounds under consideration are considerably large we also analyzed them by using the B3LYP exchange correlation functional aer including diffuse functions 40 in the 6-31G basis set. All the levels of theory mentioned above were selected to maintain a balance between the computational time and accuracy. [41] [42] [43] HoFs of all the compounds under study were calculated using the method given by Osmont et al. 44 for B3LYP/6-31G(d,p) and that given by Nicolaides et al. 45 for other levels of theory. The densities of the compounds were calculated using the same molecular orbital theories by dividing the molecular weights of the compounds by the respective molar volumes, determined on the basis of the 0.001 e bohr À3 density envelope through the Monte-Carlo method. 46 Using the results of quantum mechanics based calculations, thermodynamic properties such as specic heat, enthalpy, entropy, Gibbs free energy, etc. were calculated for each compound through frequency calculations and a database of thermodynamic properties was created. This database, given in Table S1 in the ESI, † can be conveniently used in computational models simulating the combustion phenomenon involving the compounds.
Ballistic properties such as vacuum specic impulse (I sp,vac ) and density vacuum specic impulse (rI sp,vac ) were calculated using the NASA CEA (Chemical Equilibrium and Applications) utility. 47 For assessing the performance of these compounds as bipropellants with liquid oxygen as the oxidizer, as well as solid propellants with ammonium perchlorate (AP) as the oxidizer, the chamber pressure and exit-to-throat area ratio were taken to be 1000 and 70 psi, respectively. As per the commonly followed procedure, while calculating I sp,vac of the liquid propulsion systems, the mixture ratio (oxidizer to fuel ratio) for which the specic impulse is maximum was rst calculated for the expansion of the combustion products from 1000 psi to atmospheric pressure. This mixture ratio was then used to determine the recorded I sp,vac by simulating the combustion products through an area ratio of 70. The heat of combustion of the compounds was calculated by assuming complete combustion by gaseous oxygen as shown in eqn (1) 
Oxygen balance, 49 dened as the percentage of intrinsic oxygen available for combustion, of a compound having a molecular formula C a H b N c O d and molecular weight MW, was calculated using eqn (4) .
The detonation properties of the high-nitrogen bishomocubanes were calculated using the Kamlet-Jacobs empirical correlations. 50 As these compounds do not contain oxygen, it was assumed that upon detonation, they form N 2 , H 2 , and solid carbon. The detonation pressure P (kbar) and detonation velocity D (km s À1 ) were calculated using computationally estimated HoFs and densities, using the following empirical correlations (eqns (5) and (6)):
where, r (g cm À3 ) is the density of the compound, M av (g mol À1 ) is the average molecular weight of the gaseous products, N (mol g À1 ) is the number of moles of gaseous products per gram of explosive and Q (cal g À1 ) is the enthalpy of detonation. Elementary analysis of the thermal decomposition pathways of these compounds was also carried out using quantum mechanics based calculations. Optimized structures of various intermediates and reaction products were obtained and the bond dissociation energies (BDEs) were estimated. Details of the computational time required for optimization and frequency calculations on some selected large molecules in this work are given in Table S2 in the ESI. †
Results and discussion
Bishomocubanedicarbinol 1 51,52 which was prepared in ve steps from readily available dicyclopentadiene was an excellent substrate for the synthesis of bishomocubanes with high nitrogen substituents (Scheme 1). Treatment of bishomocubanedicarbinol 1 with mesyl chloride in the presence of pyridine and DMAP at 0 C for 2 h followed by reaction with NaN 3 in DMF provided 2 as a colorless liquid in 69% yield. The click reaction of 2 with phenylacetylene in the presence of CuSO 4 $5H 2 O and sodium ascorbate afforded 3 as a white powdery solid in 57% yield. In another scheme, bishomocubanedicarbinol 1 was treated with iodine and aq. NH 3 to provide DCBHC 4 in 86% yield. DCBHC 4 was then treated with sodium azide in the presence of ZnBr 2 to afford DTetzDMBHC 5 in 61% yield. The structures of compounds 2-5 were assigned by detailed analysis of their spectroscopic data.
Structural and thermodynamic properties
Optimized geometries of the molecular structures of three highnitrogen containing bishomocubanes 2, 3 and 5 are shown in Fig. 1 and the atomic coordinates are provided in Tables S3-S5 (see ESI †). The structure of ditetrazolo-dimethyl-bishomocubane (DTetzDMBHC 6) is also shown for the sake of comparison. All these structures were obtained using the B3LYP/6-31++G(d,p) level of theory. Table S6 (ESI †) shows the selected bond lengths for the compounds 2, 3 and 5. The ideal unstrained C-C bond length in the bishomocubane-based cage skeleton is 1.54Å. Following the numbering convention for atoms given in Table S6 , † the variation of cage bond lengths for 2 is from 1.5302 (C7-C15) to 1.5969 (C1-C2)Å, for 5 it is from 1.5308 (C7-C15) to 1.6183 (C1-C2)Å and for 3 it is from 1.5298 (C7-C15) to 1.6077 (C1-C2)Å. This shows that the presence of substituents causes considerable strain in the cage skeleton. These numbers also show that the magnitude of strain is independent of the nature of the substituent. The C1-C21 and C2-C22 bond lengths in both 2 and 3 are within the range of typical values observed in bonds involving sp 3 hybridized C atoms. 53 Similar observations can be made for C Methyl -N Azo bonds in 2, C cage -C Tetz bonds in 5 and C Methyl -N Triz bonds in 3.
Values of bond angles are given in Table S7 . † All C-C-C angles in the cage deviate from the basic unstrained tetrahedral angle of 109.5 . For all the three compounds, angles in the cyclobutane structure within the cage deviate the most i.e. :C2-C1-C5, :C1-C2-C11, :C1-C5-C11, :C5-C7-C12 and :C5-C11-C12. Similar traits were observed by Lal et al. in the structures of nitro-substituted bishomocubanes. 20 Gas phase HoFs of the high-nitrogen bishomocubanes are shown in Table 1 . Although there is a substantial variation in the values of HoFs with various levels of molecular orbital theory, the overall trend in all the compounds for a particular level of theory is consistent. In addition to B3LYP, calculations were also performed on all the compounds using the M062X method. M062X is a high-nonlocality functional developed by Zhao and Truhlar 54 for thermochemistry, thermochemical kinetics, noncovalent interactions, and excited states. For HoF, it is advisable to rely on the values calculated using B3LYP/6-31++G(d,p) because for this basis set diffuse functions are included in all the hydrogen atoms in addition to heavy atoms. Such a basis set is recommended for large molecules. 55 The HoF increases in the order of 2 < 5 < 3. Also, the HoF increases slightly when additional methylene (CH 2 ) groups are substituted in 5 forming DTetzDMBHC 6. In general, the calculated HoFs of these compounds turn out to be high which is typical of high-nitrogen compounds. 56 The HoF of 1,3-bishomocubane was found by Dilling 57 to be 47.8 kcal mol À1 and high-nitrogen substituents are very likely to increase it from this value.
The densities of high-nitrogen bishomocubanes calculated as described in the previous section using various levels of theory are listed in Table 2 . Unlike HoF, density values for different compounds do not follow the same trend for all levels of theory. As stated earlier, the most trustworthy values would be those calculated using B3LYP/6-31++G(d,p). The M062X theory which shows the same trend is also reliable and has a signicant presence in recent literature. 58, 59 One of the main objectives of the computational analysis of energetic materials is to predict data that are otherwise unavailable experimentally. Thermodynamic properties discussed in the previous section are examples of such data. The database generated by our calculations for calculating these thermodynamic properties is given in Table S1 (ESI †) in the standard Chemkin 60 format.
Propulsive and ballistic properties
It should be noted that the gas-phase HoFs of the compounds were used to calculate the ballistic and propulsive properties. Since the liquid or solid-phase HoFs are lower than the gasphase HoFs, the predicted ballistic and explosive performance would be higher than the actual performance. Comparison of various ballistic and propulsive properties of the high-nitrogen bishomocubanes is shown in Tables 3-6. For liquid propulsion systems with liquid oxygen as the oxidizer, the performance of the compounds was compared against the liquid hydrocarbon RP1. 61, 62 It should be noted that 5 and 3, being solids, were assumed to form a 30% solution (by mass) with Rocket Propellant 1 (RP1) while calculating their specic impulse as fuels in liquid propulsion systems. Calculations using NASA CEA show that the I sp value does not change considerably if the mixture composition of RP1 with the respective compound is changed.
Data in Table 3 show that as far as the specic impulse is concerned, the mixture of RP1 and 5 and that of RP1 and 3 perform in a fashion similar to the commonly used liquid propellant RP1 when used with liquid oxygen as the oxidizer whereas 2 performs slightly better. However, the density specic impulses of these compounds were found to be signicantly higher than that of RP1, making them potentially good candidates as propellants for use under volume-limited conditions. Nitro-substituted bishomocubanes studied earlier show similar characteristics. 20 Although the HoFs of high-nitrogen bishomocubanes are signicantly higher than that of RP1, this high energy content does not reect in their I sp values. The I sp of a propellant composition depends on various factors in addition to its HoF such as the square root of the ratio of adiabatic ame temperature to the molecular weights of product gases. 63 This parameter is shown in Table 3 for the compounds studied in this work. Therefore, although the 5 and 3 based compositions have higher HoFs and combustion chamber temperatures than RP1, their combustion products are heavier resulting in lower I sp . Propulsive properties of cubane, a similar solid cage hydrocarbon, are also listed. For the sake of comparison, cubane has been analyzed as a liquid and we see that its specic impulse is considerably higher than that of the other compounds. Composition of exhaust gases obtained during the combustion of the compounds under study shown in Table 4 sheds more light on their propulsive behavior. The cause of gain in I sp for 2 over RP1 is most likely the formation of N 2 which is typically responsible for high energy release in nitrogen containing compounds. A similar gain cannot be observed in 5 and 3 because they are in a mixture with RP1 and are not able to form as much N 2 on combustion. Also concentrations of CO and CO 2 are almost the same in the combustion products of the mixtures of these two compounds with RP1. Whereas in the case of 2 relatively more CO is formed as compared to CO 2 giving the product gas a lower molecular weight. The possibility of replacing hydroxyl-terminated polybutadiene (HTPB) as a non-energetic component in ammonium perchlorate (AP)-based solid propellant formulations was also investigated, and the results are tabulated in Table 5 . 2 and 5 show an improvement of about 35 seconds in the specic impulse over HTPB, thus showing promise as possible ingredients to replace HTPB as a binder. But further investigation is needed to explore whether these compounds can be successfully polymerized before they can be considered for use as binders. Table 6 lists the detonation properties of high-nitrogen bishomocubanes along with the commonly used explosive RDX. All of them have a negative oxygen balance implying that they are oxygen-decient compounds and should be mixed with oxygen to assist combustion, and are not suitable candidates as monopropellants. The heats of combustion of 2, 5 and 3, assuming complete combustion, were found to be 30.84 MJ kg À1 , 27.13 MJ kg À1 and 34.7 MJ kg À1 , respectively. 2 and 5 are less oxygen decient and have a higher percentage of nitrogen in their molecule than 3 and hence perform better as explosives as compared to 3. 5 has the highest detonation pressure and detonation velocity among the three compounds because it is the richest in nitrogen. In contrast, 3 has a carbonrich structure and does not appear to be explosive in nature.
The adiabatic ame temperatures (T ad ) of high-nitrogen bishomocubanes were calculated at a pressure of 69 bar with liquid oxygen as the oxidizer and at different equivalence ratios (4) . Assuming complete oxidation of the reactant species, it was found that the highest calculated T ad for 2, 5 and 3 was 3946.2 K (4 ¼ 1.35), 3928.3 K (4 ¼ 1.35) and 3921 K (4 ¼ 1.32), respectively. These are approximately 300 K higher than the T ad calculated for RP1. The high adiabatic ame temperatures were attributed to the high HoF of these compounds. a CCTcombustion chamber temperature. b Root of the ratio of adiabatic ame temperature to the molecular weight of the products. c With liquid oxygen as oxidizer at a chamber pressure of 1000 psi, and an area ratio of 70. a At a chamber pressure of 1000 psi, and an area ratio of 70. 
Thermal characterization
The thermal characterization of these compounds is an important exercise since it determines their suitability as propellants or explosives, revealing vital information regarding their thermal decomposition mechanisms during combustion as well as storage. The standard hyphenated technique of thermogravimetric (TGA) analysis attached to a Fourier Transform Infra-Red (FTIR) spectrometer was utilized for this purpose. Under standard conditions, 2 is a viscous liquid, while 3 and 5 are both crystalline solids. The TGA and differential thermogravimetry (DTG) signals for 2, 3, and 5 are shown in Figs. 2-4 . It should be noted that due care must be taken while interpreting TGA signals of cage hydrocarbons, due to the possibility of mass loss caused by evaporation or sublimation, instead of thermal decomposition. The TGA curve in Fig. 2 shows that a complete mass loss occurred in a single stage for 2, with an extrapolated onset temperature of 157 C, an extrapolated end temperature of 202 C, and a single DTG peak at 194 C. Similarly, the TGA signal from 3 in Fig. 3 shows a single stage mass loss of approximately 90%, with an onset temperature of 357 C, which is 200 C higher than the azide based compound, an end temperature of 397 C, and a single DTG peak at 382 C. Fig. 4 demonstrates that 5 is different from the other two compounds, with the mass loss occurring in two stagesthe rst stage being dened by an onset temperature of 245 C, an end temperature of 263 C, a DTG peak at 251 C, and a mass loss of approximately 26%; the second stage being dened by an onset temperature of 407 C, and a DTG peak at 450 C, and also an approximate mass loss of 26%. Our previous studies showed that the onset temperature of thermal decomposition of bis(nitrato-methyl)-bishomocubane was 140 C, 19 while the onset temperature of evaporation for nitro compounds NMBHC, NMyBHC, and DNTMBHC, was 148 C, 160 C, and 205 C, respectively. 20 Additionally, several iodo derivatives of cubane also had onset temperatures ranging from 103 to 206 C. 64 Comparatively, the onset temperature of the parent compound, 1,3-bishomocubane was 168 C, and those of its poly-nitro-derivatives were approximately 100 C higher. 65 In order to ascertain the processes governing the loss of mass during the TGA experiments, the FTIR spectra of the evolved gases at various temperatures are displayed in Figs. 5-7. The temperatures were typically chosen to display the evolved gases near the extrapolated onset temperatures and around the DTG peaks. Fig. 5 shows the FTIR spectra acquired at 125 C and 199 C during the thermolysis of 2. A comparison of the spectrum at 125 C with the condensed phase spectrum of the same compound shows that the C-H bands near 3000 cm À1 , the azide stretch at 2100 cm À1 , and the bands in the ngerprint region matched reasonably well, thus conrming evaporation as the dominant process during the initial phase. An inspection of the second spectrum at 199 C near the end of the process showed that despite the similarity in the location of the bands, the intensity of the azide band was noticeably higher compared to the spectrum at 125 C. Also conspicuous by their absence were the bands near 1000 cm À1 . However, the lack of smaller molecules that would be typically generated due to decomposition, namely HCN, ethylene, acetylene, or cyclic hydrocarbons, which could be produced by ring opening, ruled out the condensed-phase decomposition of 2, and instead pointed to a possible dimerization of the compound in either the condensed phase or the colder gas phase. It was also notable that the difference between the onset and end temperatures was 45 C, which was comparable to the other BHC-based compounds. Fig. 6 shows the FTIR spectra acquired at 354 C and 398 C during the thermolysis of 3. Owing to the continuous purging of the FTIR gas cell during the course of the event, the initial H 2 O and CO 2 present in the cell were constantly purged out, which was manifested by a transmittance signal greater than the one corresponding to those two species. The spectra were postprocessed to remove the lines from those two species, and thus contain certain spurious peaks from the subtraction process.
The spectrum at 354 C shows the unmistakable presence of ammonia, with its rotational doublet at 932 and 968 cm À1 , as well as the presence of HN 3 , with its azide stretch at 2140 cm À1 . The presence of these two nitrogen containing species, as well as an onset temperature that was 200 C higher than that of 2, pointed to the pyrolysis of the triazole-based compound. The second spectrum at 398 C showed the presence of NH 3 , and HN 3 , as well as several other bands. Among them, the stretches near 3050, 1480, 1040, and 670 cm À1 were indicative of a compound containing a phenyl group, and a stretch at 3500 cm À1 pointed towards a secondary amine. Additionally, there were stretches around 3280, 3000, 1130, 1080, and 760 cm À1 that were similar to the parent compound.
The decomposition of the compound is expected to proceed through the liberation of molecular nitrogen from the 1,2,3-triazole substituent, and the subsequent breakdown of the remaining radical through multiple simultaneous pathways. A thorough analysis of the pathways leading to an observed mass loss of 90% during the process is beyond the scope of this work, and would be pursued with the aid of molecular dynamics simulations in future endeavors.
The spectra acquired at 250 C, 262 C, and 402 C during the thermolysis of 5, which is thermally less stable than 3, are shown in Fig. 7 . The tetrazole based compound was found to lose approximately 26% of the initial mass rapidly at around 250 C, which was around 100 C higher than the onset temperature of 2. The spectrum acquired near the onset temperature clearly shows the azide stretch of HN 3 . The second spectrum, recorded at 12 C higher than the onset temperature, shows the presence of HN 3 at 2140 and 1150 cm À1 , NH 3 at 932 and 968 cm À1 , and NH 2 CN at around 2280 cm À1 . 66 These byproducts and the lack of other bands, coupled with the 26% mass loss in this stage indicates a C-C bond scission to liberate one tetrazole moiety, and subsequent decomposition of the tetrazole to form the observed compounds. It is also expected that N 2 would be a prominent product during this process, which could not be detected due to the IR-inactivity of the molecule. The thermal decomposition of 2-H-tetrazole is typically accompanied by the formation of HN 3 , N 2 , NH 2 CN, and HCN. 67 Although the presence of NH 3 and the lack of HCN have complicated the exact determination of the initiation pathways during decomposition in the rst stage, the matter was not pursued further in this work. The spectrum at 402 C at the onset of the second stage shows the presence of NH 3 , NH 2 CN, CH 4 at 3020 cm À1 , and HCN at 712 cm À1 . HN 3 could not be detected at this stage. Although a mass loss of another 26% at this stage was indicative of the loss of another tetrazole moiety from the structure, the slow rate of mass loss, the presence of CH 4 , and the small bands near 3000 cm À1 designating C-H stretches, show that the actual decomposition pathways in the second stage would be more complicated, and would also be undertaken in a future study.
Thermal decomposition analysis
To complement the experimental work, initiation of decomposition in the three high-nitrogen bishomocubanes was studied using computational techniques. The B3LYP/6-31++G(d,p) level of theory was used in these calculations because a number of radicals are involved. Four decomposition pathways were analyzed for each of the three compounds:
(1) Release of the high-nitrogen group (-CH 2 -X or -X) from the cage along with a neighboring hydrogen atom to form CH 3 -X and a bishomocubene.
(2) Release of nitrogen from the high-nitrogen substituent.
(3) Scission of the longest C-C bond in the cage.
(4) Scission of the second longest C-C bond in the cage. Decomposition pathways of 2 are shown in Fig. 8 along with the heats of reaction (HoRs) of the respective reactions. It can be observed that the pathway in which the azide (-N 3 ) group separates from the cage along with a H atom on the neighbouring C atom to form methyl azide (CH 3 N 3 ) and bishomocubene 8 is very energy intensive. As far as the HoR is concerned, the formation of diradicals 9 or 10 from the cage C-C bond breakage is more probable. The release of nitrogen from the azide groups to form the nitrene 7 is equally probable as the HoR for this reaction is comparable to that of the C-C bond breaking reactions. Unlike 2 the release of nitrogen in the case of 5 is highly improbable as shown in Fig. 9 , because this process is highly endothermic.
Previous research on the decomposition of tetrazole-based compounds also shows that the release of nitrogen from the tetrazole ring requires a lot of energy and is likely to be dominated by alternative pathways. 58, 67 Also for 5, among the two cage C-C bond breaking pathways, the one forming diradical 13 is dominant over that forming diradical 14, whereas in the case of 2 both these pathways were seen to be competing with each other. The pathway forming tetrazolo-bishomocubane 11 followed by bishomocubene 8 is also considerably more endothermic than the cage-opening pathways. Fig. 10 shows the possible thermal decomposition initiation pathways for 3. We observe that it behaves in a fashion similar to 5. The C-C cage bond breaking pathways are considerably less endothermic and hence can be considered to be dominant over the other two pathways considered, i.e. formation of phenyl-triazolo-methylbishomocubene 15 and nitrogen elimination. Among all the reactions discussed in this work, for those which involve breaking of a single bond, the HoR is equal to the Bond Dissociation Energy (BDE). It should be noted that the conclusions drawn in this work regarding the dominance of various pathways is based on the values of HoR. A more thorough computational study which involves the optimization of transition states and minimum energy path (MEP) calculations will provide more information about the initiation reactions in the decomposition process of high-nitrogen bishomocubanes. Such a study along with a more comprehensive experimental investigation would be a part of our future endeavours. Additionally, attempts will be made to explain the products observed during the decomposition of 5 and 3 using the molecular dynamics simulations.
Conclusions
Three new polycyclic high-nitrogen cage compounds-DADMBHC, DTetzBHC, and DPTrizDMBHC-were synthesized and analyzed by using ab initio methods, thermogravimetric analysis, and IR spectroscopy. DADMBHC is a liquid under standard conditions and has potential application as a direct replacement for RP1, owing to its improved density specic impulse (by approximately 80 s). DTetzBHC may be utilized as an additive in RP1, thereby providing an improvement in density specic impulse of 28 s. These compounds are also potential monomer units for energetic binders in solid propellant formulations, thereby showing an improvement of up to 34 s over HTPB. DADMBHC, DTetzBHC, and DPTrizDMBHC also possessed relatively high heats of formation of 265.7, 271.4, and 347.8 kcal mol À1 and specic gravities of 1.38, 1.54, and 1.19, respectively. These compounds also possessed high heats of combustion of approximately 30 MJ kg À1 . TGA, coupled with IR spectroscopy, revealed that DADMBHC and DPTrizDMBHC evaporate readily while DTetzBHC is comparatively less stable and decomposes partially. Product species for each of the compounds were detected but these results demand further investigation in detail. Computational studies were able to establish the precedence of scission of some bonds over others to some extent for the decomposition of DADMBHC, DTetzBHC and DPTrizDMBHC. Further computational analysis involving transition state optimizations and minimum energy path calculations to concretely establish the decomposition pathways of these compounds will be part of our future efforts.
Experimental section
Caution Starting materials and compounds reported here are highenergy density materials. Their impact and friction sensitivities are not known. Hence, while handling them one needs to be extremely careful and follow all the standard safety precautions along with the use of equipment such as leather gloves, leather coat, face shields and ear plugs.
General
Thermogravimetric analysis (TGA) of the compounds was performed on a Netzsch TG209 F1 Libra thermogravimetric analyzer, which was coupled to a Bruker Vertex 80 FTIR spectrometer along with its accompanying optics through a transfer line to identify the evolved gases. Briey, the compounds (approximately 1 mg) were heated in an open Al 2 O 3 crucible under a constant nitrogen (99.995% purity) ow at a purge ow rate of 120 mL min À1 . The protective purge ow rate was set to 10 mL min À1 , which was adequate for effectively transferring the gases from the TGA module into the FTIR spectrometer through a heated PTFE transfer tube, which was maintained at 210 C. The gases were transported into a heated gas cell, which was equipped with two KBr windows and two ZnSe windows, at 190 C. The FTIR spectra of the gases were recorded from 3750-650 cm À1 , with a spectroscopic resolution of 4 cm À1 . The compounds were heated from 30-250 C at three heating rates of 2.5, 5, and 10 K min À1 . To the cage diol 1 (300 mg, 1.56 mmol) in dry CH 2 Cl 2 (20 mL), cooled to 0 C, was added pyridine (0.8 mL, 766 mg, 9.6 mmol, 6.1 equiv.) followed by mesyl chloride (0.73 mL, 1.070 g, 9.4 mmol, 6 equiv.) and DMAP (38 mg, 20 mol%). The reaction mixture was stirred for 1 h at 0 C and kept in a refrigerator overnight. It was diluted with water (15 mL), extracted with CH 2 Cl 2 (3 Â 10 mL) and the combined organic layer was thoroughly washed with water (5 Â 10 mL) to remove the excess mesyl chloride followed by saturated NaHCO 3 (3 Â 10 mL) and 5% dil HCl (3 Â 10 mL). The organic layer was dried over anhydrous Na 2 SO 4 and concentrated in vacuo. The crude mesylate (500 mg, 92%) was suspended in DMF (8 mL) to which NaN 3 (780 mg, 12 mmol) was added followed by TBAB (68 mg, 0.3 mmol). Then the reaction mixture was heated at 90 C for 12 h and extracted with ethyl acetate (3 Â 10 mL). The combined organic layer was concentrated in vacuo and the residue was puried by silica gel column chromatography (pet ether) to afford diazide 2 as colorless oil; 261 mg, 69% yield. IR (lm, cm À1 ) 2958 (s), 2856 (m), 2097 (vs), 1448 (m), 1347 (m), and 1275 (s); 1 
